Organic dye-tagged lipid analogs are essential for many fluorescence-based investigations of complex membrane structures, especially when using advanced microscopy approaches. However, lipid analogs may interfere with membrane structure and dynamics, and it is not obvious that the properties of lipid analogs would match those of non-labeled host lipids. In this work, we bridged atomistic simulations with super-resolution imaging experiments and biomimetic membranes to assess the performance of commonly used sphingomyelin-based lipid analogs. The objective was to compare, on equal footing, the relative strengths and weaknesses of acyl chain labeling, headgroup labeling, and labeling based on poly-ethyl-glycol (PEG) linkers in determining biomembrane properties. We observed that the most appropriate strategy to minimize dye-induced membrane perturbations and to allow consideration of Brownian-like diffusion in liquid-ordered membrane environments is to decouple the dye from a membrane by a PEG linker attached to a lipid headgroup. Yet, while the use of PEG linkers may sound a rational and even an obvious approach to explore membrane dynamics, the results also suggest that the dyes exploiting PEG linkers interfere with molecular interactions and their dynamics. Overall, the results highlight the great care needed when using fluorescent lipid analogs, in particular accurate controls.
Introduction
There is increasing proof that cellular signaling is modulated and highly dependent on heterogeneous lateral organization of the plasma membrane [1] [2] [3] . Such heterogeneity is multi-fold, including a variety of distinct sub-compartments that differ in their biophysical properties and composition [2] . A specific physicochemical principle for a subtype of such lateral membrane heterogeneity was formalized within the membrane raft hypothesis, involving the preferential associations between cholesterol and saturated lipids that drive the formation of relatively packed (or ordered) membrane domains, and that selectively recruit certain lipids and proteins and compartmentalize cellular processes [2, 4] . A large number of studies have focused on understanding the basis of this heterogeneity and its physiological relevance [5] . Yet, it has appeared that techniques for observing such heterogeneity require strong specificity and high spatio-temporal resolution, since the involved sub-compartments are indeed distinct, appear on very small spatial scales, and are transient. Fluorescence labeling introduces such specificity, and the recent advent of fluorescence-based super-resolution microscopy methods delivers experimental approaches, such as the combination of Fluorescence Correlation Spectroscopy (FCS) with super-resolution Stimulated Emission Depletion (STED) microscopy (STED-FCS) [6] , that feature high enough spatial and temporal resolution to decipher heterogeneity in the spatio-temporal dynamics of specific molecules [7, 8] . For example, using fluorescent analogs of specific lipids (i.e., saturated and unsaturated forms of phosphoethanolamine, sphingomyelin (SM), or gangliosides tagged with an organic dye), STED-FCS observations of the diffusion dynamics of these fluorescent lipid analogs revealed transient interactions with other slowly moving entities in systems with cholesterol, and including actin dependencies for sphingolipids but less for gangliosides [9] [10] [11] [12] .
Unfortunately, the dye label may influence the characteristics of the host lipid, changing its properties compared to the native form, especially with regard to properties such as size, polarity, and/or charge. While intensive controls on label type and position have revealed hardly any dependence of the label on the STED-FCS based observations of live-cell dynamics (in contrast to changes in lipid structure) [13] , the controls have indicated a strong influence of the label on the ability to enter more ordered membrane regions (i.e., lipid-raft like sub-compartments): partitioning into ordered membrane environments changed with lipid type, dye label, and position [14] [15] [16] [17] , and reached levels as expected for the respective endogenous lipid counterpart only when introducing a spacer in form of a poly-ethyl-glycol (PEG) linker in-between the dye and the lipid [18] . However, the exact molecular mechanisms and conformations ruling these partitioning characteristics are not at all understood so far.
Molecular dynamics (MD) simulations have been extensively useful to study the behavior of molecular probes in lipid bilayers in terms of probe location, orientation, dynamics, and effects of the probes on the surrounding lipids and bulk bilayer properties [19] [20] [21] [22] [23] [24] [25] . These studies have provided compelling evidence that probe-induced perturbations in membrane structure and dynamics are of very short range, meaning that the probes typically have a significant effect up to~2 nm from the probe in the membrane plane. The simulation studies have also explored lipid-label constructs, e.g., BODIPY-labeled GM1 [26] , phosphatidylcholine [27] , and cholesterol [28] , and these studies have shown how the labeling interferes with, e.g., the host lipids' structure and partitioning. However, effects of lipid PEGylation on bilayer properties as well as effects arising from dye labels usually employed in advanced microscopy have not received similar attention yet; previous work based on MD simulations is summarized in a recent review [29] .
Here we used atomistic MD simulations together with super-resolution microscopy [30] and biomimetic membrane systems to unravel the properties of several dye labels commonly used for super-resolution microscopy of biomembranes (ATTO647N, ATTO532, and Abberior Star Red (KK114)) in ordered and disordered membrane environments using fluorescent sphingomyelin-based analogs as the basis. To our knowledge, the approach of bridging super-resolution microscopy with atomistic simulations has not been used previously to explore how dyes interfere with membrane structure and dynamics, yet it is a very appealing approach since it combines atomistic and large-scale dynamics in a coherent fashion. The objective in our work was to compare the relative strengths and weaknesses of the above lipid analogs depending on whether the labeling was applied to a lipid acyl chain, lipid headgroup, or whether the labeling was based on a PEG chain linking the dye to the host lipid's headgroup. Of key interest studied in this work was the extent of dye-induced perturbations. Perhaps surprisingly, the suitability of PEG linkers to explore membrane properties with commonly used dyes (such as ATTO647N, ATTO532, and KK114) has been studied very little as yet, and also the possible drawbacks of PEG linkers have not been investigated much. Given that the use of PEG linkers sounds a rational approach, in this paper our aim is to shed light on the effects of the linkers in particular.
Our simulation results demonstrate that membrane perturbations due to the dyes are stronger in membranes that are in the liquid-ordered (L o ) phase than in more fluid bilayers that are in the liquid-disordered (L d ) phase, and that acyl-chain linked dyes induce stronger perturbations than headgroup-linked analogs. Further, the simulations correlate the positioning of the dye at the membrane-water interface with the experimentally measured partitioning characteristics of the lipid analog. This feature is most evident in L o membranes, where the only SM-based analog favoring the L o phase was found to be based on a PEG linker attaching the dye to the headgroup of its host sphingolipid. Our simulations revealed that the dye with the PEG linker resides mainly in the water phase, and that this arrangement of using a PEG linker also results in the weakest dye-induced membrane alterations. Surprisingly, we also found that the PEG linker changed the sub-diffusion characteristics of the SM analogs explored in our STED-FCS measurements. Analysis of the diffusion of the PEG-linked SM analog showed only minor signatures of interaction with immobile membrane constituents compared to probes without the PEG linker. This finding indicates two things: First, the trap-diffusion characteristics of SM analogs are independent of partitioning characteristics between ordered/disordered domains in the plasma membrane. Second, the PEG linker may shield the probe to become integrated into dense protein clusters (diffusion traps).
The results of the atomistic MD simulations were observed to be in line with experimental data measured in giant plasma membrane vesicles (GPMVs), showing the preference of these lipid analogs for ordered and disordered membrane environments and also their diffusion modes in living cell membranes as probed by STED-FCS, giving insights into the molecular mechanisms and conformations ruling the different biasing partitioning and diffusion characteristics of the sphingolipid analogs.
Our results highlight that PEG linkers are a promising approach for exploring membrane structure and dynamics, however our study also highlights the great care needed when using fluorescent lipid analogs and interpreting their results, in particular accurate controls [9, 30, 31] .
Results

Lipid analogs whose features were assessed through both atomistic simulations and experiments included a number of commonly used probes
In atomistic MD simulations, we considered several fluorescent sphingolipid analogs (abbreviated here as SM), similar to those employed in previous experimental studies [9] [10] [11] [12] [13] [14] 18] . The organic dyes ATTO647N, ATTO532, and/or Abberior Star Red (KK114) were attached to either the headgroup of ceramide phosphoethanolamine d17:1/12:0 (HEAD), or the acyl chain of sphingomyelin d18:1/2:0 (TAIL). In addition, KK114 was also attached to the ceramide phosphoethanolamine headgroup via a short 10 or 50 unit long PEG linker (HEAD-PEG10 or HEAD-PEG50) [11, 18] . All the host lipids were therefore based on the ceramide structure and are expected to mimic the behavior of SM-like lipids. In addition, we considered two differently ordered membrane bilayers into which the lipid analogs were embedded: a disordered membrane (liquid-disordered, L d ) made up of unlabeled di-oleoyl-phosphatidylcholine (DOPC), and a more ordered membrane (liquid-ordered, L o ) made up of 33 mol% cholesterol and 67 mol% SM d18:1/16:0 (all unlabeled). Given these choices, we studied the lipid analogs as 8 different scenarios with the dye attached to the headgroup (
, with three different dyes ( Table 1) . Fig. 1 summarizes the chemical structures of the dyes and the lipids used in this study.
The properties of the dyes differ quite significantly. ATTO647N is a highly hydrophobic dye. It features positively charged aromatic nitrogen atoms whose charge is delocalized over a few neighboring atoms, but this does not change the overall hydrophobic nature of the dye. Meanwhile, ATTO532 is a highly polar label due to the presence of two negatively charged sulfate groups and the polar amide and ether groups. KK114 is also a highly polar dye due to three charged groups: two negative and one positive.
Details on the molecular parameterization as well as calculation algorithms used in the simulation models are given in the Materials and Methods section. Considering all the different SM analogs and the L d and L o membrane environments, we in total simulated 14 different systems (each over a period of 400 ns) as listed in Table 1 . Every system was simulated as three independent replicas. Finally, the simulations were complemented with super-resolution imaging experiments and biomimetic membranes: details are discussed in the Materials and methods section.
Positioning of the dye depends significantly on the dye in question and its point of linkage to the host lipid
We first used atomistic simulations to determine the location of the lipid analogs inside the membrane bilayer, and specifically the location of the organic dye. To this end, the partial density profiles of the dye, lipids, and water molecules were calculated separately. For selected systems, they are depicted in Fig. 2 together with snapshots from the MD simulations showing representative locations and orientations of the dyes. For completeness, partial density profiles for all 14 systems that contained lipid analogs are shown in Figs. S1, S2, and S3.
The density plots demonstrate how the positioning of the different dyes is strongly dependent on the dye, the point of linkage, and also the membrane phase (Fig. 2, Figs. S1-S3 ). The cases shown in Fig. 2 demonstrate this with regard to the dye -the other variables remaining unchanged. While in Fig. 2 all the dyes are attached to the lipid headgroup, and all the membranes are in the L d phase, the partitioning of the dyes can still be very different. ATTO647N ( Fig. 2A,B ) likes to reside in the membrane hydrophobic region, while ATTO532 (Fig. 2C,D) shares its time between the hydrophobic membrane region and the polar membrane-water interface. KK114 with a PEG10 linker (Fig. 2E,F) , on the other hand, is only weakly bound to the membrane hydrophobic region and is instead located at the membrane-water interface and in the water phase.
A more detailed consideration reveals that, due to its hydrophobic nature, ATTO647N is predominantly located in the lipid phase in the hydrophobic core of a membrane, except when it is linked to a lipid headgroup in an ordered membrane environment (HEAD-L o ), where ATTO647N is distributed between the water and the lipid phases (Fig.  S1 ). In this case, the headgroup attachment, in combination with the rigid and less permeable bilayer (L o phase) makes snorkeling of the dye into the lipid phase less probable. In contrast, the highly polar dye ATTO532 strongly tends towards the water phase as highlighted, e.g., by the snapshot in Fig. 2B . ATTO532 is mainly in the water phase when it is linked to a lipid headgroup, as expected, however it is largely in the water phase also when linked to a lipid acyl chain (Fig. S2) , introducing a considerable perturbation compared to the conformation of endogenous SM. Finally, for KK114 one observes partitioning between the lipid and water environments in all cases where it is attached directly to the lipid headgroup (Fig. S3A,B ). Upon introducing a PEG linker inbetween KK114 and the lipid headgroup, in the L o bilayer both the dye and the PEG linker reside in the water phase, while in the L d bilayer the PEG chain has some affinity for the bilayer core (independently of its length) (Fig. S3 ). Yet the KK114 dye attached to the end of the chain spends most of its time in the water phase or at least above the polar lipid headgroup region, thus avoiding contact with the membrane hydrophobic core. Concluding, in all cases there is evidence that the dye interferes with membrane structure, however these effects are weakest E. Mobarak et al.
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when the dye is attached to its host lipid via a long PEG linker.
Lipid analogs give rise to membrane perturbations, the weakest effects taking place with PEG-linked analogs
The positioning of the dye and the whole conformation of the lipiddye pair may not only have an influence on the characteristics of the lipid analog itself but it will also affect the properties of the surrounding membrane environment. To estimate these effects we calculated two parameters from our simulations: the area per lipid (APL) and the deuterium order parameter (S CD ). The APL value is calculated by dividing the area of the simulation box in the membrane plane by the number of lipids in a single bilayer leaflet. An increase in APL consequently indicates that lipids are pushed away by the lipid analog and the lipid density adjacent to the lipid analog decreases. The observed values of APL ( Table 1 ). The largest perturbations take place with ATTO647N-tagged SM lipids in the less ordered L d environment, with the dye attached to the tail. This is not surprising since in this case the full integration of the dye into the bilayer leads to a large expulsion of lipids in its immediate environment. Interestingly, this expulsion is hardly present in the case of the more ordered L o environment, where the APL values hardly change relative to the unperturbed state. It seems that in a highly ordered membrane environment the lipids hardly give way, and the dye just integrates into the hydrophobic membrane region to fill the available free volume pockets. An increase in the APL values is also observed for ATTO532 in the L d environment, where it partitions to a quite significant extent. Finally, only small changes in the APL values are generally observed for the KK114-labeled analogs. Integration of the PEG linker into the bilayer seems not to introduce a significant change in the membrane environment. The deuterium order parameter S CD is a measure of the orientation of a selected vector (CeD bond in this case) with respect to the bilayer normal. Values of S CD were calculated according to the formula:
where θ i is the angle between a CeD bond (CeH in simulations) of the ith carbon atom, and the bilayer normal. The angular brackets denote averaging over time and over relevant CeD bonds in the bilayer. In the extreme cases, the chains are either fixed in an all-trans conformation and rotate around the long molecular axis, where S CD = −0.5, or the given bond rotates with a uniform distribution through all angles of space, leading to S CD = 0. Overall, we observed that |S CD | was inversely proportional to APL, as expected. Moving on, to determine the correlation length of structural perturbations induced by the dyes, we calculated profiles of the order parameter |S CD | for varying ranges of distance from the dye. To this end, let R stand for the radial in-plane distance (in 2D -using only the x,y coordinates of the molecules in the membrane plane) from the center of mass (COM) of a lipid acyl chain of a non-labeled lipid to the COM of a tail of the closest dye-tagged analog in the same membrane leaflet. Then, we determined separately the S CD profiles of lipid acyl chains of i) lipids neighboring a dye (R < 1.0 nm), ii) lipids close to a dye (1.0 nm ≤ R ≤ 2.0 nm), iii) lipids farther away from the dye (R > 2.0 nm), and finally, as reference, also of iv) all lipids in an unperturbed bilayer (i.e., in reference systems without lipid analogs). The results allow us to draw several general conclusions. First, the structural perturbations due to the dyes are stronger in ordered membranes (L o ) than in more fluid bilayers (L d ). Second, tail-linked dyes induce stronger perturbations than headgroup-linked analogs. Third, the more hydrophobic the dye, the more significant are also the membrane perturbations. Finally, fourth, largely as a result of these three factors, the weakest dye-induced membrane alterations are observed in systems, where the dyes are attached to the headgroup of their host lipids by a PEG linker.
These findings are evident in particular among the lipids that are nearest neighbors to the dyes (R < 1.0 nm), since changes in S CD can be quite significant in lipids that are in contact with the dyes. For increasing distance from the dyes, the effect of the dyes weakens rapidly and becomes largely negligible at distances beyond 2.0 nm, which is roughly three times the size of a lipid in the membrane plane.
In summary, in all cases the introduction of the lipid analogs leads to changes in the surrounding lipid bilayer, with the largest changes observed with the ATTO647N and ATTO532-tagged lipid analogs, particularly in the L o phase, and the weakest changes observed with the PEG-linked KK114 lipid analogs.
Hydration of the dyes correlates with their ability to partition into the membranes
We next calculated the number of hydrogen bonds (H-bonds) formed between the dye and water molecules as well as between the dye and the lipids. A large number of H-bonds with water indicates strong hydrophilic characteristics and consequently stronger partitioning of the dye into the water phase, and vice versa into the bilayer. The values found in the simulations are listed in Tables S1-S3. On average there are about 2.0 H-bonds between ATTO647 and water. The small number is a clear sign of the hydrophobic nature of the dye and reflects the preference of ATTO647 to remain inside the membrane. For comparison, we found about 0.22 H-bonds between ATTO647 and lipids (data not shown). Meanwhile, for ATTO532 we identified on average 10.8 H-bonds with water. Again, for comparison, we found 0.44 H-bonds between ATTO532 and lipids (data not shown). Finally, for KK114 we found 14.5 H-bonds with water and 0.16 with lipids. One has to note the substantially larger size of KK114 in comparison to ATTO532 (38 carbon atoms in nonpolar groups for KK114 compared to 26 for ATTO532), thus ATTO532 is effectively more hydrated. Consequently, the revealed numbers of H-bonds with water are in strong agreement with the observed penetration of the dyes into the bilayers: the hydrophobic ATTO647 shows a higher preference for the membrane core, while ATTO532 and KK114 instead prefer the water . Small segment numbers correspond to carbons in the acyl chain close to the headgroup; the largest segment number is the terminal carbon in the acyl chain. Results in both panels are given for i) lipids residing up to a distance of R = 1.0 nm from the closest dye-tagged analog (blue line), ii) lipids close to a dye (1.0 nm ≤ R ≤ 2.0 nm) (red line), iii) lipids far from the closest dye (R > 2.0 nm) (green line), and also for iv) all lipids in a dye-free bilayer (black line) used as a control. All data correspond to systems where ATTO532 is attached to an acyl chain (tail) of the host lipid. phase, with minor contacts with the membrane.
2.5.
Microscopy results match simulation data: partitioning and diffusion are lipid analog dependent, highlighting some analogs to favor transient interactions that slow down lateral dynamics Our MD simulations suggest that there are differences as to which membrane phase these lipid analogs prefer, i.e. the partitioning of the lipid analogs may differ from the one of unlabeled SM, which is thought to localize into ordered membrane environments [4] . In essence, based on our simulations, only KK114 attached to its host lipid via a PEG linker gives rise to membrane perturbations that are so minor in the L o phase that the KK114-based SM analog could be expected to partition to the L o phase in a manner similar to that of unlabeled SM. The other dyes induce stronger membrane perturbations, thereby disordering the membrane, and are likely to partition to the L d phase.
We experimentally tested the order preferences of the different dyetagged SM analogs using a biomimetic membrane system, i.e. giant plasma membrane vesicles (GPMVs) [32] . GPMVs are cellular-derived model membranes that preserve the cellular complexity to a large extent but do phase separate into more ordered (L o ) and disordered (L d ) environments [33] . Using the well-established fluorescence intensity read-out and its difference between L o and L d phases as well as data from a previous study [14] , we calculated partitioning coefficients for the L o phase (Fig. 4A) ; the smaller the value, the less the preference for the L o environment. We used the same lipid analogs as in the simulations, with the only difference that a 45-unit long PEG linker (molecular weight of 2000) was employed instead of a 10 or 50-unit long linker chain used in the simulations, simply due to availability.
As can be observed from Fig. 4A , only the PEG-linked lipid analog experienced a significant preference for the L o environment as expected for unlabeled SM. While also the ATTO532-tagged SM analogs showed reasonable L o partitioning coefficients close to (but below) 50%, the ATTO647N (irrespective of HEAD or TAIL labeling) and KK114-HEAD lipid analogs showed minimal L o preference (< 20%), as already highlighted before [14] . (Note that the KK114-TAIL SM analog was not available to us). These experimental data are in good agreement with the predictions given by our simulations that showed largest structural perturbations with ATTO647N and most minor alterations with the PEG-linked KK114 lipid analogs.
In the next step we experimentally investigated the influence of the dyes on the mobility and the diffusion modes of the labeled analogs in the plasma membrane of live PtK2 cells. Using STED-FCS we determined values of the apparent diffusion coefficients D conf and D STED for confocal (observation spot size d = 240 nm) and STED recordings (d = 50-80 nm, depending on the label), respectively. As highlighted before [10] , D conf gives an estimate of the overall macroscopic mobility, while D rat = D STED /D conf highlights the diffusion mode of the lipids, with D rat = 1 indicating free Brownian diffusion and D rat < 1 anomalous diffusion with trapping events arising from transient binding with slowly moving or even immobilized entities -the smaller the D rat value, the stronger the interactions confining the motion.
The overall mobility (Fig. 4B ) was similar for all analogs (D conf ≈ 0.5 μm 2 /s) except for ATTO532-TAIL, which was characterized by an increased overall mobility (D conf ≈ 1.1 μm 2 /s). Further, most of the SM analogs showed (Fig. 4C ) strong trapping interactions (D rat ≈ 0.2), as highlighted before [9] [10] [11] 14] , though expressing much weaker interactions for ATTO532-TAIL (D rat ≈ 0.8) [9, 14] , and no or only weak interactions for KK114-PEG (D rat ≈ 0.9). It seems that for ATTO647N, ATTO532 (with the exception of ATTO532-TAIL), and KK114, the label does not influence the diffusivity of the lipid or its interactivity, despite the largely different conformations, environmental effects, and polarity (which is in accordance to previous studies, and also to results for other lipid analogs such as phospholipids and gangliosides [9, 10, 14, 31] . However, in the case of ATTO532-TAIL the very hydrophilic and polar dye loosens the membrane anchoring of the dye as revealed by increased mobility and decreased interactivity, highlighting less incorporation of the whole lipid analog. This decreased membrane anchoring of the ATTO532-TAIL analog in comparison to the other analogs has also experimentally been verified before through BSA washing experiments [9] . Surprisingly, the KK114-PEG SM lipid analog, despite its optimal characteristics concerning minimal membrane perturbation and accurate order preference, does not show the interactions observed with SM probes without the PEG linker. Rather this analog diffuses freely, the only explanation being the inert PEG linker, which builds a cloud-like cushion at the membrane-water interface (see also Fig. S3 ) and potentially weakens the integration into immobile protein assemblies (diffusion traps). However, the presence of a PEG linker does not generally interfere with SM-protein interactions to a significant degree, as shown in a recent study by Kinoshita et al. [34] , who observed selected SMbased markers based on, e.g., ATTO594 attached to the host lipid via a hydrophilic glycol linker to recognize lysenin, a SM-specific binding protein. Further studies of KK114-PEG SM lipid analogs in a similar context with SM binding proteins would be useful but are beyond the present work and remain to be discussed elsewhere.
Diffusion of lipid analogs is dye-dependent and may deviate quite strongly from the diffusion of non-labeled host lipids
Experimental data show that the long-time lateral diffusion of lipid analogs is dye dependent and may lead to transient trapping. However, they do not bring up how strongly, if at all, the diffusion of lipid analogs differs from the diffusion of non-labeled host lipids. To clarify this matter, we analyzed the simulation data for lateral diffusion. For each lipid, we considered the diffusion of the lipid's center-of-mass in the 2D membrane plane and described its diffusion path as a series of lateral displacements over a time window of 1 ns each. The probability distribution function (PDF) of the lateral displacements resulted in the short-time lateral diffusion coefficient D (for details, see Materials and Methods).
The PDFs analyzed from the simulation trajectories are shown in Fig. S8 for both DOPC and the labeled lipids. Fig. S8 also shows the theoretical fits from which the values of D were obtained. The shorttime diffusion coefficients found for the lipids in the L d phase are of the order of 1-10 μm 2 /s and hence somewhat larger than in the regime of normal diffusion probed by the experiments. This is expected given that short-time diffusion is faster than long-time diffusion measured in experiments in the hydrodynamic limit. The results shown in Fig. 5 describe the short-time diffusion coefficients of the lipid analogs scaled by the diffusion coefficient of the bulk lipid DOPC. If the ratio is around one, then the dye has little or no influence on diffusion. Meanwhile, a significant deviation from a value of one highlights a situation where the diffusion of the lipid analog differs from the diffusion of non-labeled lipids to a considerable degree. We find that the lipids labeled with ATTO532, especially in the head group, diffuse faster than DOPC, whereas ATTO647N slows down the diffusion of the labeled lipid regardless of the site of attachment. The KK114-labeled lipids diffuse similarly to DOPC, regardless of the presence and the length of the PEG linker. Curiously, the labeled lipids were not observed to perturb the dynamics of DOPC lipids in their immediate vicinity (data not shown).
The behavior characterized by lateral diffusion is consistent with the above discussed partitioning of the dyes. As a hydrophobic dye, ATTO647N partitions largely to the membrane, thus slowing down its diffusion. ATTO532 in turn is a highly polar dye favoring the water phase, where diffusion is considerably faster than in the membrane, and over short time scales this difference is expected to increase the (shorttime) diffusion. For KK114, the deviations from the lateral diffusion of DOPC are minor. Concluding, if the aim is to use lipid analogs to explore how non-labeled lipids diffuse in a membrane, then the results shown here suggest that KK114, preferably with a long PEG-linker attached to the head of the host lipid would be a reasonable choice.
Conclusions
Using atomistic MD simulations and microscopy experiments, we here showed the influence of an organic dye-tag on the structural characteristics, bilayer perturbations, membrane order preferences, and mobility of fluorescent lipid analogs. Specifically, we investigated sphingomyelin-based lipid analogs labeled at their acyl chain or headgroup with the organic dyes ATTO647N, ATTO532, and KK114, which differed in size and polarity. MD simulations highlighted that labels attached to a lipid chain have a larger perturbing effect on the membrane bilayer than labels attached to a headgroup. The more hydrophobic dyes were also found to perturb bilayer properties more than hydrophilic ones, mainly because they are located more in the lipid phase than in the water phase. Further, most of the analogs we studied turned out to have a higher tendency towards more disordered membrane environments, implying that they avoid ordered membrane regions that are typically strongly packed. This is partly surprising given that sphingomyelin used as the host lipid is thought to favor ordered membranes, and most of the lipid analogs we studied were based on dyes attached to the headgroup and favoring the water phase, where the influence of the dye on membrane properties is expected to be minor.
The simulation results are in agreement with experimental microscopy data on preferential partitioning of the sphingomyelin analogs into disordered membrane environments, overall highlighting a prominent positioning of the dye towards the membrane-water interface for both headgroup and acyl-chain labeling. Minimization of all these impacts on membrane properties was realized by the introduction of a PEG linker between the lipid headgroup and the dye. Importantly, despite the perturbations, all sphingomyelin analogs revealed in experiments a similar diffusivity in the cellular membrane with the same overall mobility and the same tendency to form transient interactions with less mobile entities. The congruence of the diffusion dynamics of the differently labeled analogs has similarly been shown for other lipid types such as phospholipids and gangliosides, and values the appropriateness of the observed lipid diffusion dynamics, whether investigated by (STED-)FCS [9] [10] [11] or other techniques. Exceptions are i) the analog labeled at the acyl chain with a very polar dye, which diffused much faster and showed a reduced affinity towards transient interactions, mainly due to a less tighter membrane anchoring, and which should consequently be avoided in fluorescence experiments; and ii) the PEG-linked lipid analog, which overall diffused similarly fast but showed no significant interactivity due to the inert PEG linker. These data suggest that the PEG linker enables proper investigations of the integration of the lipid analog into more ordered membrane environments (e.g. potential rafts) [11] , but its usefulness to explore interaction dynamics with other molecules associated with biological membranes should be clarified in more detail. Further, analysis of the lateral diffusion behavior observed in the atomistic simulations indicated that the short-time diffusion of lipid analogs was quite significantly different from the diffusion of the bulk lipid DOPC. KK114 was found to be an exception, however, in particular when it was linked to PEG, suggesting again that the use of a PEG-linker can minimize dye-induced effects on diffusion properties to a significant degree. Moving on, our experimental findings on the PEG-linked SM analog indicate that the trapdiffusion characteristics of the other SM analogs is independent of the partitioning characteristics between ordered/disordered domains in the plasma membrane, and that the PEG linker may shield the analog to become integrated into dense protein clusters (diffusion traps).
Our results highlight the strength of performing complementary in silico and super-resolution microscopy experiments. However, this study also highlights that great care has to be taken in terms of accurate controls when employing fluorescent lipid analogs, using, e.g., differently labeled analogs and observation techniques.
Materials and methods
Atomistic MD simulations
We performed atomistic simulations for 14 bilayer models with fluorescent moieties attached to lipids. Additionally, as controls, simulations for models of two dye-free membranes were also carried out. Every system was simulated three times as independent repeats. All studied systems are listed in Table 1 .
Three fluorescent dyes were considered: ATTO647N, ATTO532, and KK114. The chemical structures of the dyes are shown in Fig. 1 . These probes were attached to the headgroup of SM d17:1/12:0 or to the sphingosine chain as depicted in Fig. 1 . Additionally, KK114 was also attached to a short 10 or 50 unit-long PEG linker via an ester group, while PEG was connected to the SM headgroup (Fig. 1) .
The dye-lipid compounds were placed in two types of bilayers. The first bilayer was composed of 124 di-oleoyl-phosphatidylcholine (DOPC) molecules and 4 labeled lipids, representing the L d phase. The second bilayer was composed of 42 cholesterol and 82 SM d18:1/16:0 molecules together with 4 labeled lipids, representing the L o phase. The transmembrane distribution of each lipid type was symmetric. Bilayers were hydrated with about 6000 water molecules for systems without a PEG linker, and with about 30,000 water molecules for systems with PEG. Counter ions were included to neutralize the system. All molecules were parameterized using the all-atom OPLS-AA force field [35] . In practice, we used OPLS-AA compatible lipid models derived from our previous studies [36] [37] [38] . Additionally, the PEG model was based on the OPLS-AA parameters and was validated in our previous studies [39] . For water, we used the TIP3P model [40] . For fluorescent labels, partial charges were calculated following the procedure used for lipids' parameterization [36] . In the first step of charge calculations the structures of the molecules were optimized using the second order Møller−Plesset perturbation theory, with the 6-31G** basis set. In the second step, the electrostatic potential around the molecules was calculated, and a polarizable continuum model was used to model the effect of aqueous environment [41] . In the third step, the partial atomic charges were calculated using the RESP program [42] . Calculated partial charges are given in SI as topology files used in the simulations. All quantum calculations were performed with the Gaussian09 package [43] .
All MD simulations were performed with GROMACS v.5.0.4 [44] . All simulations were 400 ns long, where the first 200 ns were considered as equilibration. Simulations were performed with a time step of 2 fs. The LINCS algorithm was used to preserve bond lengths of other molecules [45] , while SETTLE was used for water [46] . Simulations were performed at a constant temperature of 310 K and a pressure of 1 atm. Temperature was controlled via the Nose-Hoover thermostat with a time constant of 0.4 ps [47, 48] . The temperatures of water and the bilayer were controlled separately. Pressure was controlled by the semi-isotropic Parrinello-Rahman barostat [49] . Long-range electrostatic interactions were calculated with the smooth particle-mesh Ewald method [50, 51] . The Lennard-Jones interactions were cut off at 1 nm and dispersion correction was applied to both energy and pressure [52] . Altogether, the simulation program for 16 systems (Table 1) 
Calculation of lipid short-time diffusion coefficients from the simulation trajectories
We analyzed lipid dynamics in terms of short-time diffusion coefficients, D, from 2D particle displacement data (describing the motion of each individual lipid in the membrane plane). The procedure to compute these diffusion coefficients is discussed below. This choice is justified by the small number of tagged lipids in the simulated systems, which renders calculation of the long-time diffusion coefficientsextracted from the mean-squared displacement data -quite unreliable. Moreover, since the diffusion in the L o systems was slow, resulting in inadequate statistics for a reliable calculation of the diffusion coefficients, the short-time diffusion coefficients were determined only from the L d phase membranes.
The lipid center-of-mass (COM) displacements in the membrane plane (r) over a time interval (Δ) of 1 ns were recorded, after the drift of the corresponding leaflet was eliminated. These displacements were binned in a histogram and normalized. This probability distribution function (PDF) P(r,Δ) was fitted with the theoretical prediction
to find the diffusion coefficient D. For the PEG-linked dyes, we followed the COM of the membrane-spanning part up to the choline group. The values of D were calculated separately for DOPC and the tagged lipid in the two leaflets and in three simulation repeats. This provided six samples for both D DOPC and D Dye . We report the ratio D Dye /D DOPC as it is an appropriate figure of merit to describe whether the dynamics of the dye are similar to that of the host lipid DOPC. This ratio was extracted for each of the six pairs, and the mean value and standard error are reported. Notably, diffusion over short time intervals is likely anomalous, which manifests itself as DΔ being replaced by D eff Δ α with anomalous diffusion exponent α and effective diffusion coefficient D eff . Unfortunately, the form of P(r,Δ) does not allow to distinguish between anomalous and normal diffusion, and hence the extracted values of D describe trends and the ballpark rather than absolute values that can be directly compared to experiment. Additional tests were carried out with other widths of the time window Δ, since with large values of Δ this analysis method would result in the long-time diffusion coefficient given by the mean-squared displacement analysis. We observed the trends and conclusions to be consistent with the values of Δ that we tested (1, 5, and 10 ns). However, the statistical fluctuations increased with increasing Δ, and with Δ = 10 ns the PDF was not of sufficient quality for accurate fitting of D. The statistical fluctuations were not an issue with DOPC, but only with lipid analogs, since their number in the simulation systems was small, thereby rendering the sampling process quite challenging. For these reasons, the value of Δ = 1 ns was chosen for the analysis.
Lipids and lipid analogs
We labeled SM either at the headgroup or at the lipid-water interface by replacing the native long acyl chain with a short acyl chain or a PEG(2000) linker carrying the dye, with different dyes (ATTO647N, ATTO532, or Abberior Star Red (KK114) [9, 14] , whose synthesis has been outlined in detail previously [9] . Fast DiO was purchased from Invitrogen (CA, USA).
Preparation of GPMVs
GPMVs were prepared as previously described [33] . In short, CHO cells were seeded out on a 60 mm petri dish in DMEM/F12 medium supplemented with 10% FBS. After two days (≈70% confluent), they were washed with a GPMV buffer (150 mM NaCl, 10 mM Hepes, 2 mM CaCl 2 , pH 7.4) twice. 2 mL of GPMV buffer was added to the cells. 25 mM PFA and 10 mM DTT were added into the GPMV buffer. The cells were incubated for 2 h at 37°C. Then, GPMVs were collected by pipetting out the supernatant.
Cell labeling
The PtK2 cells were grown in DMEM medium supplemented with 15% FBS. For labeling, they were incubated with 0.4 μM labeled lipid analog in a serum-free medium for 10 min. Then, the cells were washed a few times with PBS. 250 μL of cell media without phenol red was added onto the cells for imaging.
STED-FCS measurements
All STED-FCS data were taken by using a customized STED microscope [53] . The far-red dyes were excited using a 640 nm pulsed diode laser (Pico Quant), and fluorescence was depleted using a tunable farred laser at 780 nm (Mai Tai). Fitting was performed with the FoCuSpoint fitting program [54] .
FCS data have been analyzed using standard fitting procedures as in detail described elsewhere [9] [10] [11] [12] [13] , yielding values of the average transit time τ D through the observation spot and thus of the apparent diffusion coefficient D. By recording FCS data for different intensities of the STED laser, we could determine those values for different sizes, i.e. diameters d of the observation spot sizes [9] [10] [11] [12] [13] .
For calibration of the spot size d(STED) at a certain STED laser intensity, measurements of the fluorescent lipid analogs in SLBs with different STED laser intensities were utilized [9] [10] [11] [12] [13] . Assuming free diffusion, the spot size calculation was done according to the following equation:
where τ D(conf) and τ D(STED) are the transit times measured for confocal (zero STED intensity) and at high STED laser intensity (varying for the different lipid analogs), respectively. The diameter d(conf) of the confocal observation spots was determined by imaging 20 nm large fluorescent beads (green-yellow and crimson, Life Technologies). The diffusion coefficient D was calculated from τ D(conf) and τ D(STED) according to:
For an evaluation of the diffusion mode, the confocal diffusion coefficient can be divided by the diffusion coefficient at the highest STED laser power yielding D conf /D STED .
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